Background-Interferon (IFN)-␣ is a pluripotent inflammatory cytokine typically induced by viral infections. In rupture-prone atherosclerotic plaques, plasmacytoid dendritic cells produce IFN-␣. In the present study we explored the contribution of IFN-␣ to inflammation and tissue injury in the plaque microenvironment. Methods and Results-In 53% of carotid plaques (nϭ30), CD123 ϩ plasmacytoid dendritic cells clustered together with CD11c ϩ myeloid dendritic cells, a distinct dendritic cell subset specialized in sensing danger signals from bacteria and tissue breakdown. Tissue concentrations of IFN-␣ and tumor necrosis factor (TNF)-␣ transcripts were tightly correlated (rϭ0.76, PϽ0.001), suggesting a regulatory role of IFN-␣ in TNF-␣ production. Plaque tissue stimulation with CpG ODN, a Toll-like receptor (TLR) 9 ligand, increased IFN-␣ production (57.8Ϯ23.7 versus 25.9Ϯ8.6 pg/mL; PϽ0.001), whereas the TLR4 ligand lipopolysaccharide induced TNF-␣ secretion (225.1Ϯ3.0 versus 0.7Ϯ0.2 pg/mL; PϽ0.001).
T he atherosclerotic plaque, a vessel wall lesion formed around deposited lipids, is now understood as a specialized tissue microenvironment containing a chronic inflammatory infiltrate. 1 Innate and adaptive immune cells are recruited into the plaque where they interact with resident cells to build the atherosclerotic lesion. Emerging concepts highlight the diversity of inflammatory cells, with each cell type contributing unique functional capabilities. 2 Plaque infiltrates are composed of macrophages, dendritic cells (DCs), and lymphocytes. 3 Macrophages have been implicated in lipid uptake and tissue injury through releasing metalloproteinases and reactive oxygen intermediates. Much less is known about plaque-residing DCs. [3] [4] [5] When we extrapolate from the prime role DCs play in sensing infections, presenting antigenic peptides to T lymphocytes, and producing chemokines to support lymphoid organogenesis, it is clear that plaqueresiding DCs are versatile and interfere with multiple immunopathways in this specialized tissue niche.
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We reported recently that human coronary and carotid plaques contain myeloid DCs (mDCs) in close cell-cell contact with T cells. Such mDCs are highly activated and produce the T-cell-attracting chemokines CCL19 and CCL21. 5 Likewise, plasmacytoid DCs (pDCs), a distinct DC subpopulation implicated in regulating antiviral immune responses, populate the inflamed atherosclerotic plaque. 6 Dysfunctional pDCs are now recognized as disease relevant in autoimmune syndromes, such as systemic lupus erythematosus (SLE). 7 Activated pDCs have the unique ability to produce large amounts of interferon (IFN)-␣. Potential triggers are viral as well as bacterial infections. 8 pDCs sense infections through intracellular Toll-like receptors (TLR), specifically TLR7 and TLR9. 9 IFN-␣ enhances CD8 T cell and natural killer cell cytotoxicity. In addition, IFN-␣ boosts the cytotoxic capacity of CD4 T cells, the main lymphocyte type in the atherosclerotic plaque. IFN-␣ enables CD4 T cells to kill stressed vascular smooth muscle cells in a TNF-related apoptosis-inducing ligand (TRAIL)-dependent way, 6, 10 threatening the stability of atherosclerotic lesions. 11 The present study was designed to explore whether IFN-␣ produced in the plaque has immunoregulatory functions involving cell populations other than CD4 lymphocytes. We asked whether IFN-␣ affects the cytokine profile of inflamed atheroma and whether it influences the functional portfolio of antigen-presenting cells (APCs), such as macrophages and mDCs. After sensing infectious intruders, pDCs must mobilize and heighten adaptive immune responses, most effectively by regulating the functional activity of mDCs. mDCs are equipped with many pathogen-sensing TLRs, but their repertoire is distinct from that of pDCs, thereby avoiding microbe immune escape. Macrophages and mDCs express TLR1, TLR2, TLR3, TLR4, TLR5, and TLR8. 9 TLR4 plays a pivotal role in plaque inflammatory activation. Circulating monocytes overexpress TLR4 during acute coronary syndrome, 12 and TLR4 is expressed in atherosclerotic plaques. 13, 14 Apolipoprotein E knockout mice lacking TLR4 develop reduced atherosclerotic lesions, 15 and a TLR4 genetic variation is associated with diminished risk of atherosclerosis. 16 Apart from microbial molecules such as lipopolysaccharides, autoantigens found in the plaque environment are also candidates for TLR4-dependent activation of APCs. 14, [17] [18] [19] When activated by TLR ligands, macrophages and mDCs release powerful proinflammatory cytokines, such as TNF-␣ and interleukin (IL)-12. TNF-␣ activates every cellular component of the atheroma. IL-12 biases T cells toward the Th1 pathway and induces cellular recruitment into the lesion. 20 Recent data suggest that mDCs and pDCs do not function independently but rather initiate and maintain immune responses in a coordinated fashion. Cross talk may be induced after simultaneous triggering of different TLRs. 21 Particularly, TLR3-and TLR9-induced type I IFN may modulate mDC activation. 22 It is also likely that mDCs and pDCs positioned in the atherosclerotic plaque are aware of each other and cross-regulate each other's function. Here we report that IFN-␣ released from pDCs after triggering of TLR9 has profound effects on the plaque microenvironment, markedly boosting lipopolysaccharidemediated inflammatory responses by directly modifying TLR4 expression levels. Thus, the infection-induced product IFN-␣ controls the response threshold of TLR4expressing cells, predicting that infectious episodes and intrinsic dysregulation of IFN-␣ (eg, in SLE) render the host susceptible to plaque destabilization.
Methods

Specimen
Thirty carotid artery specimens were collected from patients (60% male, aged 72Ϯ8 years) undergoing endarterectomy procedures. Forty-three percent of the patients were symptomatic for cerebral ischemia. Baseline clinical characteristics of the patient cohort have been described. 6 The institutional review board approved all protocols, and appropriate consent was obtained.
Immunohistochemistry
Carotid plaque tissue frozen sections were prepared as described previously. 10 Acetone-fixed 5-m sections were incubated with anti-CD11c (1:200, Dako, Glostrup, Denmark), anti-fascin (Dako), anti-DC-sign (BD Pharmingen, San Jose, Calif), anti-CD123 (1:100, BD Pharmingen), and anti-IFN-␣ (1:400, BD Pharmingen) for 1 hour at room temperature. Five percent of goat serum was added to inhibit nonspecific staining. Biotin-conjugated goat anti-mouse antibody (Dako) served as secondary antibody (1:125 to 1:400, 30 minutes at room temperature). Brown color development was achieved with the use of a peroxidase solution (ABC-peroxidase kit, Vector Laboratories, Burlingame, Calif) and 3,3Ј-diaminobenzidine (DAB) (Dako) as chromogen. Slides were counterstained with hematoxylin for 2 minutes.
Quantitative Reverse Transcription Polymerase Chain Reaction
Total RNA was isolated from shock-frozen endarterectomy tissues and cell culture samples with the use of TRIzol (Invitrogen Life Technologies, Grand Island, NY) and transformed into cDNA with the use of AMV reverse transcriptase (Roche Molecular Biochemicals, Indianapolis, Ind). cDNA was amplified with primers specific for TNF-␣ (5Ј-CTTTGGGATCATTGCCCTGTG-3Ј and 5Ј-CGAAGTGGTGGTCTTGTTGCT-3Ј), IL-12p40 (5Ј-CCATTGAG-GTCATGGTGGAT-3Ј and 5Ј-CAGGGAGAAGTAGGAATGT-GG-3Ј), IL-12p35 (5Ј-TCCTAAAAAGCGAGGTCCC-3Ј and 5Ј-GGTATCATGTGGATGTAATAGTCCC-3Ј), IL-23p19 (5Ј-ATCCCCAAATTTCCCTTCC-3Ј and 5Ј-AATCTACCACCCCAG-GCAC-3Ј), matrix metalloproteinase (MMP)-9 (5Ј-TCGAACTT-TGACAGCGACAAGAA-3Ј and 5Ј-TCAGGGCGAGGACCATA-GAGG-3Ј), TLR4 (5Ј-CTGCAATGGATCAAGGACCA-3Ј and 5Ј-TTATCTGAAGGTGTTGCACATTCC-3Ј), IFN-␣ (5Ј-ATGCG-GACTCCATCTTG-3Ј and 5Ј-CGTGACCTGGTGTATGAG-3Ј), and TRAIL (5Ј-ATGGCTATGATGGAGGTCCAG-3Ј and 5Ј-TTGTCCTGCATCTGCTTCAGC-3Ј). Amplification with ␤-actinspecific primers (5Ј-ATGGCCACGGCTGCTTCCAGC-3Ј and 5Ј-CATGGTGGTGCCGCCAGACAG-3Ј) provided a positive control. The quantitative reverse transcription polymerase chain reaction (RT-PCR) procedure with the use of a Mx3000 PCR machine (Stratagene, Cedar Creek, Tex) was described previously. 6 For each sample, PCR reactions were completed in triplicate. Expression levels were determined by interpolation with a standard curve. cDNA copies were adjusted for 2ϫ10 5 ␤-actin copies.
Stimulation of Explanted Atherosclerotic Plaque Tissue
Fresh tissues from 25 soft lipid-rich carotid plaques were processed as reported previously. 6 Small plaque tissue pieces were randomly distributed into a 48-well plate. Tissue was stimulated with 1 g/mL lipopolysaccharide (Escherichia coli, 0127:B8, Sigma-Aldrich, St Louis, Mo), 200 U/mL IFN-␣ (PBL Biomedical Laboratories, Piscataway, NJ), or 100 g/mL synthetic CpG ODN 2006 (TCGTCGTTTTGTCGTTTTGTCGT) for the indicated times in RPMI medium containing 10% fetal calf serum. To avoid imbalances, stimulations were done in duplicates in tissue pieces deriving from 1 plaque. After stimulation, tissue was shock-frozen for RNA isolation. IFN-␣ and TNF-␣ in supernatants were quantified by enzyme-linked immunosorbent assay (ELISA) (PBL and Amersham Biosciences, UK).
In Vitro Stimulation
CD14 ϩ cells were isolated from fresh peripheral blood mononuclear cells by magnetic beads (Miltenyi, Auburn, Calif). To generate immature mDCs, cells were cultured for 6 days in IL-4 (1000 U/mL) and granulocyte-monocyte colony-stimulating factor (800 U/mL, R&D, Minneapolis, Minn). In parallel, the human monocytoid cell line THP-1 (acute monocytic leukemia) was used for in vitro experiments. Cells were stimulated with 1 g/mL lipopolysaccharide and 200 U/mL IFN-␣ (PBL) in RPMI medium containing 10% fetal calf serum. Chemical inhibitors were used at concentrations specific for Janus kinase (JAK) (3 nmol/L, JAK Inhibitor I, catalog No. 420099), 23 nuclear factor (NF)-B 24 (10 nmol/L, NF-B Activation Inhibitor, catalog No. 481406; both Calbiochem, Nottingham, Germany), PI(3)K (50 mol/L, LY294002, InvivoGen, San Diego, Calif), and histone deacetylase (HDAC) (0.1 mol/L, Trichostatin A; Sigma-Aldrich). Phosphorylation of AKT on S473 was measured with the use of phospho-AKT (S-473) ELISA (Biosource, Camarillo, Calif).
Western Blotting
mDC lysates (10 g) were separated on SDS-PAGE gel (Bio-Rad Laboratories, Hercules, Calif). Proteins were transferred to a polyvinylidene difluoride membrane (Amersham) and blocked with 5% skim milk. The membrane was incubated with a 1:250 dilution of polyclonal rabbit anti-human TLR4 AB (H80, Santa Cruz Biotechnology, Santa Cruz, Calif) overnight at 4°C, followed by washing with TBS-Tween-20. The membrane was subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:6000; Santa Cruz) for 1 hour at room temperature. After thorough washing, membranes were developed with the use of a luminolbased substrate (Boston Bioproducts, Worcester, Mass). To ensure equal loading, membranes were stripped and reprobed with the use of goat anti-human actin AB (1:4000; Santa Cruz).
Statistical Analysis
All data are shown as meanϮSE and were analyzed by t tests for independent and paired samples when appropriate. Nonparametric data were log10-transformed before statistical analysis. ANOVA for single and repeated measures with a Tukey post hoc test was used for comparison of Ͼ2 groups. All analyses were calculated with the use of SPSS software package 12.0 for Windows (Chicago, Ill).
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results mDC and pDC in Atherosclerotic Plaque
In a set of 30 carotid endarterectomy samples, 53% of the tissues contained not only CD123 ϩ pDCs but also CD11c ϩ DC-Sign ϩ fascin ϩ mDCs. Both DC populations were preferentially localized in the shoulder region ( Figure 1A ) and at the plaque base ( Figure 1B ). The DC subtypes were consistently found in close vicinity but clearly represented distinct cell populations ( Figure 1C and Figure in the online- and for pDCs with anti-CD123 antibody (A and B, right panels, DAB, brown; A, magnification ϫ100; insets, magnification ϫ400 ; B, magnification ϫ200). Both DC types were found in the shoulder (A) and at the plaque base (B). An overlay of CD11c (blue) and CD123 (red) stains at the base showed that these cells cluster in close vicinity (C).
only Data Supplement). The mDC:pDC ratio in atherosclerotic plaques was 2.7.
To examine mDC and pDC regulatory roles in the plaque environment, we used an organ culture system. Randomly distributed pieces of atherosclerotic plaques were placed into tissue culture and incubated with different TLR ligands. To target the distinct DC subtypes, we exploited their unique TLR expression patterns. Binding of CpG ODN ligands to TLR9 more than doubled IFN-␣ secretion within 24 hours (PϽ0.001; Figure 2A ). On CpG ODN stimulation, the number of tissue-residing cells staining positive for IFN-␣ increased 2-fold (PϽ0.001 Figure 2B ). This unservation suggests that only a fraction of pDCs is activated at baseline and that a nonactivated pDC reserve, which can be brought into a cytokine-producing state on TLR9-ligand exposure, resides in the tissue.
Additionally, incubating intact atheroma tissue with the TLR4 ligand lipopolysaccharide promptly induced marked upregulation of TNF-␣ secretion (PϽ0.001; Figure 2C ). Baseline TNF-␣ release was essentially undetectable, suggesting that spontaneous TLR4 ligand concentrations in the tissue are too low or that chronically stimulated atheroma cells have adapted by downregulating TLR4.
Synergistic Effects of IFN-␣ Production and TLR4 Ligation in the Plaque Microenvironment
The presence of functionally distinct DC subtypes within the plaque inflammatory infiltrate raised the question of whether cross-regulation between these APCs occurred. To address this, we bypassed pDC stimulation and exposed plaque organ cultures to IFN-␣. Tissue macrophage and mDC functions were assessed by measuring TNF-␣, IL-12p40, IL-12p35, IL-23p19, and MMP-9. Whereas these markers remained unaffected by IFN-␣ alone (Figure 3 ), lipopolysaccharide stimulation of intact plaque fragments resulted in enhanced transcription of all 5 (Figure 3 ). TNF-␣ secretion increased from immeasurable to Ͼ200 pg/mL ( Figure 3B ). Most remarkable was a pronounced enhancement of all inflamma-tory markers if IFN-␣ and lipopolysaccharide were combined. In the presence of IFN-␣, lipopolysaccharide stimulation more than doubled TNF-␣, IL-12p40, and MMP-9 transcription and amplified TNF-␣ protein secretion from 225.1Ϯ3.0 to 559.0Ϯ25.9 pg/mL (PϽ0.001). In addition, IFN-␣ enhanced lipopolysaccharide-induced IL-12p35 and IL-23p19 transcription, providing the conditions for parallel IL-12 and IL-23 production ( Figure 3D, 3E) . Thus, IFN-␣ sensitized tissue macrophages and mDCs to the stimulatory effect of TLR4 ligation. In contrast, mDC effector molecules such as TNF-␣ did not affect IFN-␣-producing pDCs (data not shown).
IFN-␣ Enhances Isolated mDC and Monocyte Sensitivity to Lipopolysaccharide
To study whether the immunomodulatory effect of IFN-␣ resulted from its direct action on monocytes and mDCs, lipopolysaccharide responsiveness of in vitro-generated mDCs and the monocytic cell line THP-1 was determined in the absence and presence of IFN-␣. TNF-␣ mRNA production of mDCs was unchanged with IFN-␣, increased with lipopolysaccharide, and dramatically amplified with the lipopolysaccharide/IFN-␣ combination ( Figure 4A ). The same pattern was observed for monocytic cells ( Figure 4B ). IL-12p40 and MMP-9 transcriptions were similarly boosted by combining IFN-␣ with lipopolysaccharide (data not shown).
To determine the signaling pathways involved in this amplification loop, we added JAK/signal transducer and activator of transcription (STAT) and NF-B pathway inhibitors. Both disrupted lipopolysaccharide and IFN-␣ synergistic effects, implicating both signaling pathways in the combined action of TLR4 and IFN-␣ ( Figure 4C ).
Association of TNF-␣ and IFN-␣ Production in Plaque Tissue
To examine whether IFN-␣ is associated with mDC and monocyte/macrophage TNF-␣ production in atherosclerotic plaques in vivo, we measured transcription levels of both cytokines in 30 native atherosclerotic plaques from carotid endarterectomy samples. IFN-␣ and TNF-␣ mRNA tissue concentrations were tightly correlated (nϭ30; rϭ0.76, PϽ0.001), suggesting IFN-␣-mediated TNF-␣ regulation in vivo ( Figure 5 ).
IFN-␣ Modulates Lipopolysaccharide Responsiveness by Upregulating TLR4 Expression
To determine underlying mechanisms through which IFN-␣ can profoundly change how mDCs and monocytes/macrophages react to TLR4 triggering, we examined whether this cytokine alters TLR4 expression. Kinetic experiments demonstrated that IFN-␣ increased the copy numbers of TLR4specific transcripts after 6 hours of incubation (PϽ0.001; Figure 6A ). As described previously, 25 lipopolysaccharide stimulation downregulated TLR4 mRNA production with only minimal copy numbers detectable after 6 hours (PϽ0.001). This downregulatory effect of lipopolysaccharide stimulation was completely abrogated in the presence of IFN-␣. Indeed, the combination of IFN-␣ and lipopolysaccharide produced by far the highest concentrations of TLR4specific sequences after 2, 4, and 6 hours (PϽ0.001 compared with control and IFN-␣).
To assess whether the altered TLR4 transcription translated into protein production, TLR4 was quantified by Western blotting ( Figure 6B ). IFN-␣ treatment enhanced the quantity of TLR4 protein, whereas lipopolysaccharide stimulation resulted in almost complete loss. This negative feedback regulation of lipopolysaccharide was clearly prevented by IFN-␣; combined stimulation with IFN-␣ and lipopolysaccharide maintained high TLR4 protein concentrations in the cells.
To clarify cellular mechanisms responsible for IFN-␣dependent upregulation of TLR4, we screened several putative signaling pathways. PI(3)K inhibition suppressed IFN-␣induced TLR4 expression below the control level, indicating a dominant role of the PI(3)K-AKT pathway ( Figure 6C ). Measuring phosphorylation of AKT at position S473 confirmed that IFN-␣ activated AKT (PϽ0.05, Figure 6E ). This activation again could be abolished with the PI(3)K inhibitor. In contrast to the prominent effect of the PI(3)K inhibitor, NF-B inhibition only moderately suppressed IFN-␣-mediated TLR4 expression ( Figure 6C ). To assess the role of epigenetic regulation, we utilized the HDAC inhibitor trichostatin A. Although IFN-␣-induced TLR4 upregulation was not affected by HDAC inhibition, the regulation of TRAIL, another IFN-␣-regulated molecule in the atherosclerotic plaque, 6 was clearly sensitive to inhibiting HDAC ( Figure 6C and 6D ). Of note, inhibition of the PI(3)K and NF-B pathway reduced the IFN-␣-induced upregulation of both molecules in a similar pattern.
Discussion
The present study explored functional activities of the antiviral cytokine IFN-␣ in the atherosclerotic plaque. Unstable atherosclerotic lesions are IFN-␣-rich tissues; pDCs provide this powerful immunoregulatory cytokine. 6 IFN-␣-producing pDCs preferentially home to the shoulder region of ruptureprone atheromas. They sense viral-derived double-stranded DNA motifs; plaque tissue stimulation with the TLR9 ligand CpG ODN increases tissue secretion of IFN-␣. Data reported here identify mDCs, a distinct set of DCs specialized in antigen presentation and T-cell instruction, as a primary target of tissue IFN-␣. Clustered together with pDCs, such mDCs respond to IFN-␣ with a marked change in their activation threshold. Specifically, their reaction pattern to the bacterial motif lipopolysaccharide, a TLR4 ligand, is highly sensitive to IFN-␣ regulation. When exposed to IFN-␣, mDCs produce markedly higher amounts of the proinflammatory cytokines TNF-␣, IL-12, and IL-23 and boost their MMP-9 production, all mediators implicated in rendering plaque susceptible to rupture. This immune amplification loop assigns a critical function to IFN-␣ in adjusting the responsiveness of plaque-residing cells to stimulatory signals and identifies this innate immune marker as a key regulator in plaque inflammation and destabilization. IFN-␣ is typically induced during viral infections, raising the possibility that such infectious episodes expose patients to an immediate risk for acute complications of atherosclerosis. IFN-␣ did not directly stimulate TNF-␣, IL-12, IL-23, and MMP-9 but functioned by adjusting the response threshold of intact plaque tissue and isolated mDCs and monocytes to lipopolysaccharide. Lipopolysaccharide binding to TLR4 has been implicated in stimulating plaque inflammation. 26 Molecular studies of the sensitizing effect of IFN-␣ for "danger signals" revealed enhancement of TLR4 signaling at the receptor level. Unexpectedly, this IFN-␣ effect was not only mediated through the STAT pathway but also involved the PI(3)K pathway. By upregulating TLR4 transcription and expression on APCs, IFN-␣ emerges as a critical regulator of mDC function. IFN-␣ has been reported to also upregulate MyD88, enhancing intracellular signaling via TLR4. 27 The effect of IFN-␣ on TLR4 is unique; other cytokines like TNF-␣ or IFN-␥ lead to little or no TLR4 increase. 28 Although binding of lipopolysaccharide to TLR4 usually results in receptor downregulation, causing endotoxin toler-ance, 25 IFN-␣ was capable of counteracting this inhibitory effect. Thus, simultaneous signaling of TLR9, triggering IFN-␣ production, and TLR4, inducing cytokine production, is required for a sustained immune response to TLR4 ligands. The necessity of recognizing Ͼ1 pathogen-associated molecular pattern through different TLRs has important consequences for the induction of adequate immunity. This mechanism prevents immune system activation in response to nonpathogenic structures mimicking only 1 pathogen detail. Requirements for multiple layers of APC activation create an elaborate security system and protect peripheral tolerance. TNF-␣ production in the plaque tissue was dependent on the synergistic action of IFN-␣ and lipopolysaccharide, building a considerable barrier for the induction of this powerful Figure 6 . IFN-␣ regulates expression of TLR4. A, TLR4 transcripts in monocyte-derived mDCs (150 000 cells per well) were measured by quantitative RT-PCR after stimulation with IFN-␣ (200 U/mL), lipopolysaccharide (LPS) (1 g/mL), or their combination and compared with unstimulated mDCs. Representative results adjusted for 2ϫ10 5 ␤-actin copies after 2, 4, and 6 hours from 1 of 3 experiments per group are shown. PϽ0.001 LPSϩIFN compared with control, IFN alone, or LPS alone by ANOVA. PϽ0.001 IFN alone or LPS alone compared with control by ANOVA. B, Western blotting of mDC lysates (10 g protein) confirmed that TLR4 was downregulated by LPS alone but increased after IFN-␣ stimulation. mDCs were stimulated as indicated for 6 hours. Actin served as loading control. Representative results from 1 of 3 experiments are shown. C and D, To explore cellular mechanisms responsible for IFN-␣-dependent TLR4 upregulation, THP-1 cells were preincubated with inhibitors (Inh) specific for HDAC (4 hours), NF-B (1 hour), and PI(3)K (1 hour) at optimal concentrations before stimulation with 200 U/mL IFN-␣ for 4 hours. Transcripts of TLR4 and TRAIL were measured by quantitative RT-PCR and adjusted for 2ϫ10 5 ␤-actin copies. E, THP-1 cells were stimulated with 200 U/mL IFN-␣ for 10 minutes and 20 minutes, and AKT phosphorylation was determined by ELISA. AKT activation was suppressed with the PI(3)K inhibitor. *PϽ0.05 and PϭNS compared with control at 10 minutes. Results represent 3 independent cultures. proinflammatory molecule. Placing IFN-␣ at the top of a hierarchical system in which immunoregulatory DCs first respond to virus-derived attack signals via TLR7 and TLR9 and then intensify their reaction to bacterial materials via TLR4 offers additional host protection. In chronic inflammatory disease, in which similar pathways of immunostimulation cause tissue damage instead of host protection, the coupling of viral immune responses with enhanced TNF-␣, IL-12, IL-23, and MMP-9 production increases damage risk. Accordingly, patients harboring chronic inflammatory lesions, such as vulnerable atheromas, should be at particular risk for tolerance breakdown and tissue injury when battling viral infections.
IFN-␣-producing pDCs classically respond to respiratory syncytial virus, influenza virus, herpes simplex virus, or cytomegalovirus, which have all been found in atherosclerotic lesions. 29, 30 In addition, TLR9 expressed by pDCs may recognize endogenous danger signals in the atherosclerotic plaque. In particular, self-DNA is able to trigger pDCs via TLR9. 31 Apoptotic cells in the atherosclerotic plaque may be an important source of DNA that triggers TLR9 signaling. 11, 32 Self-DNA may also be an important trigger of IFN-␣ production in SLE patients who have an elevated risk for cardiovascular events. 32 Biological effects of IFN-␣ in the tissue are clearly much broader than currently appreciated. Our group has recently shown that IFN-␣ is a critical regulator of T-cell function. 6 By inducing the death ligand TRAIL on CD4 T cells, IFN-␣ has profound effects on tissue integrity because TRAIL-expressing CD4 T cells mediate apoptosis of death receptor-expressing cell populations. This is particularly important for stressed plaque-residing vascular smooth muscle cells, which become the targets of cytotoxic T cells. 6, 10 Current data widen the scope of potential biological functions of intraplaque IFN-␣, now encompassing regulation of mDC and macrophage sensitivity to TLR4 ligands. IFN-␣-facilitated recognition of TLR4 ligands may affect inflammatory activation not only in response to lipopolysaccharide and other microbial molecules 33 but also to (modified) endogenous molecules including heat-shock proteins, modified lipids, fibronectin, biglycan, and hyaluronan oligosaccharides, all abundantly present in the atherosclerotic lesion microenvironment. 14, [17] [18] [19] Amplified effector cytokine production has severe consequences for atherosclerotic plaque stability. 34 TNF-␣ destabilizes plaque tissue integrity by promoting macrophageinduced vascular smooth muscle cell apoptosis. 35 Likewise, MMP-9 damages tissue via extracellular matrix degradation. 36 IL-12 aids recruitment of cytotoxic CD4 T cells into the atherosclerotic plaque. 20 IL-23 is emerging as a new and powerful regulator of autoimmune inflammation by supporting the expansion of Th17 cells. 37 Synergistic effects of IFN-␣ and lipopolysaccharide are probably not restricted to these effector cytokines but likely involve a whole battery of cytokines via the NF-B pathway. Moreover, TLR4 signaling promotes foam cell formation by increasing cholesteryl ester and triglyceride levels in macrophages. 38, 39 These severe consequences for inducing full-blown immune activation via simultaneous triggering of TLR4 and TLR9 raise the question of which situation may elicit this threatening outcome. Recognition of at least 2 "danger signals" corresponds well with the assumption that not 1 pathogen but the total infectious burden is relevant for atherosclerotic lesion progression. 40 A single infectious organism triggering both TLRs could be sufficient to induce amplified effector molecule production in the tissue lesion. 8 Most likely, simultaneous triggering of different TLRs is caused by a combination of exogenous and endogenous stimuli available in the plaque. Viral infection inducing IFN-␣ production should be sufficient to intensify and sustain endogenous TLR4 triggering, transforming chronic lowgrade inflammation in the atherosclerotic lesion 14, 19 into acute inflammatory activation with abundant effector molecule production, potentially leading to plaque rupture.
The effect of pDC-produced IFN-␣ on mDCs has been studied in detail in SLE patients. 41 SLE patients produce increased amounts of type I IFN, leading to peripheral tolerance breakdown through forced mDC maturation. 42 Unabated DC activation through IFN-␣ in SLE patients not only may trigger the underlying autoimmune process but also may cause their increased cardiovascular risk. Notably, enhanced TLR4 expression has been shown recently to be pathogenic for lupus-like autoimmune disease. 43 Likewise, enhanced TLR4 expression has been suggested as a signaling mechanism for immune-mediated progression of atherosclerosis. 12 Our data suggest (Figure 7 ) that viral infections trigger pDCs through TLR9 to secrete IFN-␣ in the atherosclerotic plaque. Furthermore, IFN-␣ enhances the expression of TLR4 on APCs with both pDC and mDC populations localized in close vicinity in the rupture-prone shoulder region. As a result, responses of these cell types to exogenous and endogenous TLR4 ligands are amplified. These sensitized APCs strongly upregulate the production of cytokines such as TNF-␣, IL-12, IL-23, and MMP-9. At the same time, IFN-␣ directly modulates T-cell effector functions, rendering these cells effective killer cells that can mediate apoptosis of local cell populations, such as vascular smooth muscle cells. Multiple pathways, including TNF-␣-and MMP-mediated tissue damage, pose a direct strain on plaque stability. This model predicts that host infections, particularly those being sensed by pDCs and even when colonizing distant tissues, represent an immediate risk for the inflamed atherosclerotic plaque.
CLINICAL PERSPECTIVE
Vulnerable atherosclerotic plaque is characterized by an infiltrate of immunoinflammatory cells, including T cells, macrophages, and dendritic cells (DCs) that have been implicated in mediating tissue damage, weakening the plaque's scaffold, and eventually causing plaque rupture. Uncertainty remains on how plaque-residing immune cells are activated, how they communicate, and how their tissue-destructive potential is regulated. The present study has explored how pathogen-derived signals affect the function of DCs and modulate downstream plaque inflammation. DCs are sentinels that sense danger, in particular infections, with plasmacytoid and myeloid DCs each specialized in recognizing unique profiles of viral and bacterial products. The study demonstrates that plasmacytoid DCs in carotid atheroma respond vividly to a mimic of microbial DNA by producing the powerful proinflammatory cytokine interferon-␣. Interferon-␣ then modulates the response threshold of myeloid DCs by sensitizing them to lipopolysaccharide, a bacterial wall product binding to Toll-like receptor 4. Amplified lipopolysaccharide responsiveness leads to massive production of tumor necrosis factor-␣, interleukin-12, interleukin-23, and matrix metalloproteinase-9. In essence, the antiviral cytokine interferon-␣ functions as an inflammatory amplifier within the plaque microenvironment. Although the principle of cross-regulation between different DC subtypes protects the host by ensuring augmentation of anti-infectious immune responses, it creates immediate risk of unintended collateral damage in the atherosclerotic lesion because any type of viral infection, occurring either in the plaque or in a distant tissue site, intensifies tissue-injurious immune responses.
